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Abstract. In this cross-sectional study we investigated
the relationship between ultrasound measurements in the
calcaneus versus daily physical activity and fractures
sustained in the past in elderly subjects. Ultrasound
measurements were performed at both heels, which
enabled us to examine determinants of differences
between contralateral heels. Participants were 132 men
and 578 women, aged 70 years and over (mean age and
standard deviation (SD): 83 ± 6 years), living in homes
for the elderly (n = 343) or apartment houses for the
elderly (n = 367). Broadband ultrasound attenuation
(BUA) and speed of sound (SOS) were measured in
the right and left calcaneus. The median difference (and
interquartile range) between the two heels for BUA and
SOS, expressed as a percentage of the mean value for
each individual, was 9.6% (4.2–15.7%) and 1.0% (0.4–
1.7%), corresponding to 25% and 40% of the study
population SD, respectively. Greater differences in BUA
between the two heels were associated with variables
indicating poorer functional status, such as past fractures
at the lower extremities. The level of daily physical
activity was obtained by means of a questionnaire
regarding household and leisure activities. Subsequently
sumscores were calculated for daily physical activity and
a subscore indicating weight-bearing physical activity.
After adjustment for age, gender, residence, and body
weight, physical activity scores were positively linearly
related to both BUA and SOS. Each 5 point increase on
the weight-bearing physical activity score, correspond-
ing to, for example, walking for 2.5 h per week, was
associated with a difference in BUA of 4.7 dB/MHz and
in SOS of 5.1 m/s, which is similar to the differences
associated with 10 kg higher body weight, or 10 years
younger age. After the age of 50 years, 47 subjects had
fractured a hip, 61 subjects had sustained another lower
extremity fracture, 104 subjects a wrist fracture, and 62
subjects another upper extremity fracture. After adjust-
ing for age, gender and residence, odds ratios for all
fracture types in the lowest terciles of BUA and SOS
versus the highest terciles ranged from 1.9 to 3.8. This
study showed significant differences in ultrasound
measurements between the left and the right heel,
indicating that measurements at both sides are necessary
for optimal evaluation of bone strength. Furthermore,
after careful adjustments, ultrasound parameters had
higher values with higher daily physical activity in
elderly subjects and discriminated subjects with a history
of fracture from those without.
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Introduction
The incidence of fractures rises exponentially with aging
and leads to disability that may be transient (e.g., after a
wrist fracture) or permanent (e.g., following a hip
fracture). Fractures are multi-causal events in which
bone strength plays a dominant role [1]. Bone strength is
usually evaluated by measurement of bone mineral
density (BMD), which has been shown to predict
fractures [2–6]. Recently, ultrasound measurements of
bone have been suggested for the evaluation of bone
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strength [7,8]. This type of measurement is relatively
simple and can be done at the calcaneus. Ultrasound
parameters are associated with bone mass and may
supply information about the structure of bone tissue as
well, which is another major component of bone strength
[9]. Several studies suggest that ultrasound measure-
ments at the calcaneus may be useful for estimating
fracture risk [10,11].
In contrast to BMD, measured at predominant fracture
sites, ultrasound parameters are not determined at a
skeletal site of interest for its fracture risk. Character-
istics of the measured site in the skeleton may have
implications for interpretation, for example with respect
to physical activity [12,13]. The calcaneus has a central
position in bearing body weight. Therefore, ultrasound
parameters in the calcaneus may be sensitive to small
differences in physical activity, especially weight-
bearing activity. With advancing age, daily physical
activities such as housekeeping, shopping and leisure
activities increasingly determine the total amount of
physical activity, since occupational activities and
heavy-intensity activities decline with age [14].
Although few intervention studies suggest a positive
effect of physical activity on BMD [15–17], the
relationship between daily physical activity and bone
characteristics remains to be established. Fractures at the
lower extremities may lead to immobilization, which
results in a reduced level of physical activity and bone
loss [18], especially in the fractured limb compared with
the contralateral limb [19]. Therefore, in the relation-
ships between ultrasound parameters versus physical
activity and past fractures, measurements obtained at the
nonfractured side only were used for analysis. In this
cross-sectional study we investigated ultrasound para-
meters measured at both heels in an elderly institutio-
nalized population regarding side difference, daily
physical activity and fracture history.
Subjects and Methods
During a 1-year period, subjects were recruited to
participate in a prospective study on the prediction of
fracture risk by ultrasound measurements at the
calcaneus. This prospective study is currently in
progress. Participants were recruited from seven homes
and apartment houses for the elderly in Amsterdam and
its vicinity. Some care is provided in Dutch homes for
the elderly, although less than in a nursing home.
Inclusion criteria were 70 years of age or older and no
severe cognitive impairment, as judged by the personnel
of the care facility. Eligible subjects were sent a letter
with information about the study. Subsequently they
were asked to participate during a visit by our research
workers. The protocol was approved by the ethics review
board of the Academic Hospital of the Vrije Universiteit.
Ultrasound measurements were performed using the
CUBA Clinical instrument (McCue Ultrasonics,
Winchester, UK). Two transducers (emitting and
receiving) faced with silicone rubber coupling pads are
placed in direct contact on either side of the heel, using a
coupling gel. Double measurements of broadband
ultrasound attenuation (BUA, dB/MHz) and speed of
sound (SOS, m/s) were done in the right and left heel,
with repositioning between measurements. Measure-
ments were performed at the residence of the
participants. Precision of BUA and SOS measurements
(expressed as coefficient of variation) are 3.4% and 1.4%
[12].
Data on daily physical activity in the previous year
were obtained using a validated questionnaire for elderly
persons [20]. Frequency (times per week and months per
year) and duration of different activities were registered:
household activities (e.g., cleaning and shopping), sports
activities (e.g., swimming and cycling), and leisure
activities (e.g., going for a walk). For each activity the
energy expenditure was calculated and subsequently a
score was calculated by summation of all activities for
each person during the past year [20]. The activity score
in a previous study in elderly people ranged from 2 to
approximately 30 [20]. The weight-bearing activity
score was obtained by modifying the daily physical
activity score: activities that do not involve loads as a
consequence of body weight in an upright position (e.g.,
swimming and cycling) were excluded from the activity
sumscore.
Additional information about possible confounders of
the relationship between physical activity and ultrasound
parameters was obtained on the day of the ultrasound
measurements: body weight was measured, and informa-
tion about age, gender, residence and the use of
corticosteroids was obtained by means of a question-
naire. Possible determinants of differences between the
ultrasound parameters in the right and left heel were
obtained by means of a questionnaire: the use of a
walking aid (including occasional use of a wheelchair),
motor dexterity and fracture history. In case of doubt, the
information obtained with the questionnaire in those
living in homes for the elderly was checked with the
nurse of the residence.
Data Analysis
Mean ultrasound parameters were calculated from four
measurements (two in the right and two in the left heel).
The difference between the two heels was expressed as a
percentage of the mean value for each participant.
Possible determinants of the side differences in
ultrasound parameters (i.e., dexterity, age, the use of a
walking aid, a history of lower extremity fractures, and
the value of the ultrasound measurements) were
analyzed using linear regression analysis, using the
log-transformed absolute difference between the two
sides as a dependent variable.
Fractures of the lower extremities may lead to
immobilization and will affect the ultrasound measure-
ments and the level of physical activity. Therefore, in
those subjects who had suffered a hip or other lower
extremity fracture in one limb after the age of 50 years,
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ultrasound measurements at the nonfractured side only
were used for analysis, instead of the mean of the two
sides.
The relationship of the physical activity score with
ultrasound parameters was evaluated in a multiple
regression analysis, controlling for age, gender, resi-
dence, body weight and the use of corticosteroids. A
possible significant interaction between physical activity
and gender was examined in the regression model. The
association between physical activity and the ultrasound
parameters was expressed as the difference in ultrasound
parameters for every 5 point increase in activity score,
calculated by multiplying the b of the activity score by 5
in the linear regression model. Fractures in relation to
ultrasound measurements, were analysed in logistic
regression models, controlling for age, gender and
residence. Ultrasound parameters were entered as
categorical variables since there was no linear relation-
ship. Ultrasound parameters were divided into terciles,
which resulted in sufficient numbers of fractures in each
tercile for meaningful evaluation. Adjusted odds ratios
for the relationship between ultrasound parameters and
fractures were presented on a logarithmic scale, which
enables a more straightforward interpretation of the
logistic model with symmetric confidence intervals. As
for the relationship between upper extremity fractures
and ultrasound parameters, the analysis was also
performed excluding those who had sustained a lower
extremity fracture after the age 50 years, since this may
have led to immobilization and therefore affected the
ultrasound measurements.
Results
During a 1-year period, 710 subjects (132 men, 578
women) were recruited from homes for the elderly (343)
and apartment houses for the elderly (367). Table 1
shows the study population characteristics. Ultrasound
parameters were not measured in three participants, and
only on one side in seven participants. Missing values
were due to edema, fractured calcaneus, and other
disabilities that made measurement on both sides
impossible.
The difference between the ultrasound parameters on
the left and right sides was calculated for 700 subjects.
The mean (and standard deviation) and median (and
interquartile range) difference between the two heels for
BUA were 6.8 (6.0) dB/MHz and 5.0 (2.0–9.5) dB/MHz,
respectively, and for SOS 18.8 (20.5) m/s and 13.6 (5.5–
24.7) m/s. The median difference (and interquartile
range) in BUA and SOS, expressed as a percentage of
the mean value of both measurements for the individual
at issue, was 9.6% (4.2–15.7%) and 1.0% (0.4–1.7%),
respectively. The difference in ultrasound parameters
between the two heels was not related to dexterity
(p>0.8). The difference in BUA between the two heels
was higher with advancing age (p = 0.03) and the use of a
walking aid (p = 0.007). Furthermore, a history of hip
fracture or other lower extremity fracture (p = 0.001),
and lower BUA values (p = 0.004), were independently
related to this difference. No relationships were found
between any of these factors and the difference in SOS
between the two heels. With respect to those subjects
who suffered a hip or other lower extremity fracture at
one side (n = 77), BUA and SOS were lower at the
fractured side: mean difference and SD, expressed as
percentage of mean values were 5.0% (20.9) and 0.2%
(1.5), respectively.
The physical activity score was linearly related to
BUA and SOS. The activity score was significantly
higher for men than for women, after adjustment for age:
1.5 (0.9–2.1) points on the scale. The mean difference
and 95% confidence interval (95% CI) for each 5 point
increase on the physical activity score for BUA and SOS
were calculated for men (6.0 (1.9–10.5) dB/MHz and 8.5
(2.0–15.1) m/s, respectively) and for women (3.5 (1.1–
5.6) dB/MHz and 6.5 (2.0–11.0) m/s, respectively). After
including the physical activity score in a multiple
regression model, along with possible confounders,
physical activity was still significantly related to BUA
and SOS (Table 2). Regarding the weight-bearing
activity score, the mean difference and 95% CI for
each 5 point increase on the activity score for BUA and
SOS were calculated for men (7.3 (0.4–14.1) dB/MHz
and 6.4 (–4.2-17.0) m/s, respectively) and women (5.2
(1.8–8.6) dB/MHz and 9.0 (2.2–15.8) m/s, respectively).
After adjustment for age, gender, residence and body
weight, the differences (mean and 95% CI) in BUA and
SOS for each 5 point increase on the weight-bearing
physical activity score were 4.7 (1.7–7.7) dB/MHz and
5.1 (–0.6–10.9) m/s, respectively. The relationships
between physical activity and weight-bearing activity
versus ultrasound parameters were similar after exclu-
sion of subjects who sustained a hip fracture and/or
another lower extremity fracture (n = 102). Although the
unadjusted relationships between physical activity and
weight-bearing physical activity versus ultrasound
parameters were different between men and women, no
significant interaction was found between (weight-
Table 1. Study population characteristics (n=710)
Parameter
Mean (Standard Deviation)
Age (years) 82.8 (5.9)
Years since menopausea 34.4 (7.9)
BUA (dB/MHz)b 60.8 (20.6)
SOS (m/s)b 1468.6 (34.3)
Body weight (kg) 68.0 (12.7)
Median (Range) IQR
Activity scorec 3.0 (0.0–22.8) 1.3–5.7
Weight-bearing activity score 1.3 (0.0–15.5) 0.4–2.9
For skewed parameters median, range and 25th and 75th percentiles
(IQR) are presented.
aYears since menopause obtained in 499 women.
bBUA (broadband ultrasound attenuation) and SOS (speed of sound)
were not measured in three subjects.
cAccording to a questionnaire on household, sports and leisure
activities.
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bearing) physical activity and gender in relation to BUA
and SOS in the multiple regression models (p>0.20).
The relationship between physical activity and weight-
bearing physical activity versus ultrasound parameters
was not confounded by the use of corticosteroids (used
by 36 participants, 5.1%) (p>0.90).
In retrospect, 234 subjects suffered 296 fractures after
the age of 50 years. Table 3 shows the number of
subjects who had suffered fractures. Fifty-one subjects
had suffered more than one type of fracture and 10
subjects more than two types of fractures. BUA and SOS
values were grouped in terciles. As already mentioned in
Subjects and Methods, values of the nonfractured side
were used in those with hip or other lower extremity
fractures on one side. Mean values (and SD) of BUA and
SOS in the lowest tercile were 39.9 (7.7) dB/MHz and
1433.1 (17.9) m/s, in the second tercile 58.5 (4.7) dB/
MHz and 1466.9 (8.3) m/s and in the highest tercile 84.2
(13.7) dB/MHz and 1506.2 (23.0) m/s, respectively. The
number of hip fractures in the lowest, middle and highest
terciles was 27, 15 and 5 for BUA, and 30, 11 and 6 for
SOS, respectively. Regarding wrist fractures, the
equivalent values were 45, 44 and 14 for BUA, and
49, 30 and 24 for SOS:. BUA and SOS, adjusted for age,
gender and residence, were related to hip, other lower
extremity fractures, wrist, and other upper extremity
fractures (Fig. 1). The remaining other fractures were not
related to ultrasound parameters (data not shown). When
repeating the analysis after excluding subjects with a
history of lower extremity fractures, similar relationships
were found between ultrasound parameters and upper
extremity fractures; the adjusted odds ratios (95% CI) for
wrist fractures in the middle and lowest terciles versus
the highest tercile of BUA were 2.8 (1.4–5.8) and 2.6
Table 2. The effect of physical activity, gender, age, body weight, and residence on broadband ultrasound attenuation (BUA) and speed of sound
(SOS) in the calcaneus
BUA (dB/MHz) SOS (m/s)
Mean value 95% CI Mean value 95% CI
Physical activity score (every 5 points higher) 3.0 0.9 to 4.9 3.8 0.1 to 7.6
Female gender (vs men) –20.0 –16.7 to –23.3 –9.7 –3.4 to –16.1
Age (every 10 years older) –3.5 –1.0 to –5.9 –6.3 –1.7 to –10.9
Body weight (every 10 kg heavier) 4.2 3.1 to 5.3 7.1 5.1 to 9.1
Home for the elderly (vs apartment houses) –2.3 0.5 to –5.1 –7.8 –2.6 to –13.1
Each variable is adjusted for all other variables in the table. Mean values and 95% confidence intervals (CI) were obtained by multiple linear
regression (n=700a), involving all variables simultaneously.
aComplete data sets were not obtained in 10 subjects due to missing values on body weight and ultrasound parameters at the nonfractured side.
Table 3. Number of subjects who had suffered fractures after the age
of 50 years
Type of fracture No. of subjects
Hip 47
Other lower extremitya 61
Wrist 104
Other upper extremityb 62
Otherc 22
aFemur, tibia, ankle and foot fractures.
bHumerus, clavicle and hand fractures.
cPelvis, rib, skull and known vertebral fractures.
Fig. 1. The odds ratio (depicted on a log scale) for different fractures
(i.e., hip, other lower extremity fractures, wrist, and other upper
extremity fractures) adjusted for age, gender and residence in three
terciles of BUA (upper panel) and SOS (lower panel). The left bars
represent the highest tercile, indicating the reference group; the
middle bars and the right bars denote the intermediate and lowest
terciles, respectively. The error bars represent the upper half of the
95% confidence intervals. *p<0.05 indicates significant difference
from the highest tercile.
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(1.2–5.5) dB/MHz, and for SOS 1.4 (0.7–2.7) and 2.3
(1.2–4.3) m/s, respectively. The adjusted odds ratios
(95% CI) for other upper extremity fractures in the
middle and lowest terciles versus the highest tercile of
BUA were 1.2 (0.5–2.8) and 1.7 (0.7–3.8) dB/MHz, and
for SOS 3.8 (1.5–9.8) and 4.6 (1.8–12.1) m/s, respec-
tively.
Discussion
This study shows that ultrasound measurements may
differ substantially between opposing heels. Daily
physical activity in elderly people was associated with
ultrasound measurements, and ultrasound parameters
discriminated between subjects with a history of fracture
and those without. The adjusted odds ratio for fractures
in the lowest versus the highest tercile of BUA and SOS
ranged from 1.9 to 3.8. Previous studies also reported
lower ultrasound measurement values in subjects with a
history of fractures [21–23]. However, these results are
hard to interpret since fractures may cause immobiliza-
tion and consequently affect bone characteristics,
especially in the fractured limb [18,19,24], and thus
current measurements may not be related to values at the
time of the fracture.
Suggesting a causal relationship in a cross-sectional
study has some serious potential methodological flaws.
However, lifestyle factors such as daily physical activity
are difficult to investigate in a longitudinal setting since
these factors are not prone to change over a few years.
Several steps were taken to approximate a unidirectional
relationship between physical activity versus ultrasound
parameters and ultrasound parameters versus past
fractures. Firstly, ultrasound measurements at the heel
of a fractured lower limb were not used, but only the
contralateral measurement was included in the analyses.
Secondly, analyses were also performed excluding
participants who suffered a lower extremity fracture,
which might have led to immobilization. Thirdly,
adjustments were made in multiple regression models
for variables possibly affecting the examined relation-
ship (i.e., age, gender, residence, body weight and the
use of corticosteroids).
In subjects with a history of lower extremity fracture,
ultrasound measurements were used that were obtained
at the non-fractured side only. The difference in BMD
between contralateral bones has been the subject of
investigation before, and it has been suggested that
routine BMD measurements at the hip should include
both sides [25]. In this study substantial differences in
calcaneal ultrasound parameters between the left and the
right side were measured. Although the difference in
SOS between the two sides is only 1% of mean SOS of
both heels, it increases when expressed in relation to the
range of measurements in the study population: the
median difference in SOS between the two heels was
40% of the study population SD, and the median
difference in BUA was 25% of the study population
SD. The magnitude of this difference indicates a
considerable risk of misclassifying bone status when
only one side is measured. In accordance with previous
results, left or right handedness was not related to the
direction of this difference [25]. The functional division
of motor tasks between the left and right hand may not
apply to different use of the right and left leg. Several
other factors were related to the difference in BUA
between the two heels. All related factors may indicate
the degree of disability: aging, the use of a walking aid,
history of fractures of the lower extremities, and low
BUA values. The lack of association between these
factors and the difference in SOS may be due to the
different bone properties being measured and the lower
precision of SOS measurements [12].
A higher level of daily physical activity was
associated with higher ultrasound measurements, in
particular regarding BUA. This relationship was some-
what stronger in men than in women. However, the
differences between men and women are well within
the confidence intervals and no significant interaction
between physical activity and gender could be detected
in the regression models. Thus, although the results
suggest a difference in effect of physical activity on
ultrasound parameters between men and women, the
power of this study was insufficient to examine this
difference. Based on a multiple linear regression model,
including physical activity and other determinants of
ultrasound parameters, a comparison was made regard-
ing the strength of the relationships with BUA and SOS
(Table 2). The effect expressed for each 5 point
increase in the activity score was similar to the effect
of each 10 kg increase in body weight and each 10 year
reduction in age, but less than the difference between
men and women. An increase of 5 points on the activity
score is equivalent to, for example, going for a walk or
cycling for 2.5 h per week. Several intervention studies
in elderly people have shown that especially weight-
bearing activities, leading to high strains in the skeleton,
may be beneficial to maintain bone mass [17,26,27], but
other studies were unable to demonstrate such an effect
of physical activity on bone mass [28,29]. Although
these results suggest a protective effect of daily physical
activity for skeletal integrity, physical activity in this
very elderly population may be an indication of the
level of physical activity in the past. However, it may
be difficult to show independent relationships for past
and present physical activity since they are strongly
related.
This study showed a large difference in ultrasound
measurements between opposing heels, indicating
possible misclassification of bone status when based on
unilateral measurements. Special attention is warranted
in those with disabilities and lower extremity fractures.
These results indicate that measurements at both sides
are necessary for optimal evaluation of bone strength.
Furthermore, daily physical activity is one of the more
important determinants of bone characteristics, such as
age and body weight. Although a prospective study
design is preferred with regard to the prediction of
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fractures by ultrasound measurements, cross-sectional
data revealed a strong relationship even after extensive
adjustments.
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